Magnetization transfer (MT) imaging is one way to indirectly assess pools of protons with fast transverse relaxation. However, conventional MT imaging sequences are not applicable to short T2 tissues such as cortical bone. Ultrashort echo time (UTE) sequences with TEs as low as 8 μs can detect signals from different water components in cortical bone. In this study we aim to evaluate two-dimensional (2D) UTE-MT imaging of cortical bone and its application in assessing cortical bone porosity as measured by μCT and biomechanical properties. In total, 38 human cadaveric distal femur and proximal tibia bones were sectioned to produce 122 rectangular pieces of cortical bone for quantitative UTE-MT MR imaging, microcomputed tomography (μCT), and biomechanical testing. Off-resonance saturation ratios (OSR) with a series of MT pulse frequency offsets (Δf) were calculated and compared with porosity assessed with μCT, as well as elastic (modulus, yield stress, and strain) and failure (ultimate stress, failure strain, and energy) properties, using Pearson correlation and linear regression. A moderate strong negative correlation was observed between OSR and μCT porosity (R 2 = 0.46-0.51), while a moderate positive correlation was observed between OSR and yield stress (R 2 = 0.25-0.30) and failure stress (R 2 = 0.31-0.35), and a weak positive correlation (R 2 = 0.09-0.12) between OSR and Young's modulus at all off-resonance saturation frequencies. OSR determined with the UTE-MT sequence provides quantitative information on cortical bone and is sensitive to μCT porosity and biomechanical function.
INTRODUCTION
Cortical bone is composed of approximately 45% calcium hydroxyapatite, 40% type I collagen, and 15% water [1] . The combination of constituents confers unique biomechanical properties to bone, including the ability to resist compressive forces as well as tensile strength and viscoelasticity [2] . Cortical bone water has been of particular interest in the past several years because it can be detected with 1 H magnetic resonance methods and quantification may improve the clinical assessment of fracture risk [3] [4] [5] .
Cortical bone water exists in various locations as well as in different binding states. It can reside as bulk water in the pores of the Haversian canals and lacunocanalicular system, or be bound to the organic matrix or mineral [4] [5] [6] . Bulk water residing in the pores has sufficiently long T2 relaxation times that it can be detected with a number of clinically compatible techniques, including the ubiquitous fast-spin-echo sequences [7] . Imaging of bound water is more challenging due to the rapid decay of transverse magnetization which results in zero or near zero signal levels at the time of encoding. Ultrashort echo time (UTE) sequences can be used to detect signal from species with T2*s of a few hundred microseconds or longer, including water which is loosely bound to the organic matrix and pore water [8, 9] . However, tissues with extremely short T2*s, including tightly bound water and collagen protons, remain "invisible" even with the use of UTE.
Magnetization transfer (MT) imaging is an indirect method that allows for qualitative and quantitative assessment of proton pools with extremely fast transverse relaxation [10] . In a two-pool model, MT contrast is based on interactions between the bound and pore water proton pools. Specifically, off-resonance saturation pulses cause MT effects between bound and pore water protons as well as relaxation time-dependent direct saturation effects on the pore water proton pool. Although detected magnetization decreases from both of these effects, it has been suggested that the precise contribution from each is less relevant in the clinical arena where the main goal is characterization of normal versus pathologic tissue [11] . For the characterization of short T2* tissues, MT has been combined with UTE (UTE-MT) and an off-resonance saturation ratio (OSR) has provided a quantitative measure for the evaluation of tissue [12] [13] [14] .
However, to the best of our knowledge, the use of UTE-MT on cortical bone has not been validated against established reference standards and biomechanical measures. The aim of this study was to evaluate UTE-MT imaging of cortical bone and its application in assessing cortical bone porosity as measured by μCT and biomechanical properties.
MATERIALS AND METHODS

Sample Preparation
This anonymized cadaveric study was approved by our Institutional Review Board. 122 rectangular pieces of cortical bone were resected from 38 cadaveric femora and tibiae (65.7 ± 16.3 years old, mean ± standard deviation; range 30-94 years). A precision circular diamond-edge saw (ISOMET 1000, Buehler, Lake Bluff, IL) was used to harvest the pieces of bone under saline irrigation and average dimensions of samples were 40 × 4 × 2 mm 3 as measured with a digital caliper (± 0.0005″ precision). Samples were individually wrapped in wet saline gauze and frozen at −80 °C (Bio-Freezer; Forma Scientific, Marietta, OH, USA). Samples were thawed for 12 hours at 4 °C prior to MR imaging, μCT, and biomechanical testing. Another three cadaveric human tibial midshaft samples from three donors (57.7 ± 19.8 years old, mean ± standard deviation; age range 36-75 years) were harvested from cadaveric leg specimens, and were cleared of external muscle and soft tissue. Bone marrow was removed with a scalpel. Cross-sectional cortical bone segments with an approximate thickness of 40 mm were prepared. The three bone segments together with a piece of rubber (Pink Eraser, Paper Mate Products Inc) were used for optimization of the imaging protocol.
MR Imaging and Image Analysis
Specimens were imaged on a clinical 3T MR scanner (Signa HDx, GE Healthcare Technologies, Milwaukee, WI), which had gradients capable of a slew rate of 150 T/m/s and amplitude of 40 mT/m on each axis. A home-built birdcage coil (~2.5 cm in diameter) was used for signal excitation and reception. Bone samples were placed in a 20 ml syringe filled with perfluorooctyl bromide (PFOB) during MR imaging to maintain hydration and minimize susceptibility effects at air tissue junctions.
The 2D UTE sequence was performed, which uses a short half pulse excitation (pulse duration = 472 μs, pulse bandwidth = 2.7 kHz) followed by 2D radial ramp sampling (minimal nominal TE of 8 μs) [8] . Immediately following this, a 2D UTE-MT sequence was performed which employs an MT preparation pulse followed by a 2D UTE acquisition ( Figure 1 ). The MT preparation pulse was a Fermi pulse of 8 ms duration (spectral bandwidth = 0.8 kHz), maximal B1 of 24 μT and 1000° maximal saturation flip angle, which provided an improved spectral profile compared with a rectangular pulse and higher efficiency compared with conventional Gaussian or sinc pulses. As a first step, we aimed to establish the 2D UTE-MT protocol by investigating the effects of off-resonance saturation pulse flip angle and off-resonance frequency (Δf) on OSR using three pieces of human cortical bone samples and a rubber eraser (Pink Eraser, Paper Mate Products Inc). T2*s of bone and rubber were measured using a variable TE 2D UTE imaging approach with the following parameters: TR = 100 ms, FOV = 4 cm, flip angle = 60°, slice thickness = 3 mm, bandwidth = 62.5 kHz, 211 projections, reconstruction matrix = 128×128, 19 TEs (0.01, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.6, 2, 2.5, 3, 4, 6, 8, 10, 13, 16, 20 ms), 40 sec per image, a total scan time of 12 minutes. A bi-component model was used to fit T2*s of bound and pore water in cortical bone, as well as T2*s of short and long components in rubber using the following equation (15): (1) where T 2B * is the bound water T2*, T 2P * is the pore water T2*, S Bound and S Pore are the signal amplitudes of the bound and pore water components. Apparent bound water fraction was defined as S Bound /(S Bound +S Pore ). T2* values were obtained using a Levenberg-Marquardt fitting algorithm developed in-house based on Eq.1.
T1s of cortical bone and rubber eraser were measured using a saturation recovery 2D UTE approach where UTE acquisitions with progressively increasing saturation recovery times (TSRs) were used to detect the recovery of the longitudinal magnetization of cortical bone and rubber eraser, respectively. Imaging parameters were similar to these used for T2* measurements, except a longer constant TR of 1000 ms, a series of TSRs (8, 25, 50, 100, 150, 200 , 300, 400, 500, 600, 700 ms), 7 minutes per image, a total scan time of 77 minutes. A single component exponential signal recovery model was used to fit T1s of bone and rubber [16] : (2) where k accounts for the residual fraction of the longitudinal magnetization of cortical bone and rubber eraser after a nominal 90° pulse. T1 values were obtained using a Levenberg-Marquardt fitting algorithm developed in-house based on Eq.2.
The UTE-MT protocol used imaging parameters similar to these for T2* measurements. However, this protocol used a longer TR of 300 ms, a series of MT pulse power (θ = 1000°, 600°, 300°) and a series of MT frequency offsets including 0.5, 1, 1.5, 3, 5, 7, 10, 15 and 20 kHz, 2.1 minutes per image, and a total scan time of 63 minutes. Regions of interest (ROIs) were carefully placed around each piece of cortical bone and rubber eraser, respectively, on the 2D UTE image and digitally copied to UTE-MT images with various offset saturation frequencies. The off-resonance saturation ratio (OSR) at each frequency was calculated according to the following equation [14] : (3) where S 0 denotes the mean signal intensity acquired without a saturation pulse and S SAT (θ,Δf) denotes the mean signal intensity acquired with the saturation pulse with a flip angle of θ and placed at an off-resonance frequency of Δf. Global ROI OSR was calculated as well as pixel maps. Global ROI OSR was plotted as a function of MT pulse frequency offsets and MT power for the rubber eraser and cortical bone samples. 
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Micro Computed Tomography (μCT)
Samples were also imaged on a μCT scanner (Skyscan 1076, Kontich, Belgium) with a 0.5 mm aluminum filter. The imaging parameters were as follows: 72 kV, 140 μA, FOV = 25 mm, 720 views, and 9 μm isotropic voxel size. Imaging time was approximately 3 hours. A previously developed [15] custom MATLAB (The Mathworks Inc., Natick, MA) code was used to import images (12 per sample) which consisted of 2.5 mm steps along the long axis.
A global histogram for all images was created and used to determine a local minimum thresholding value. Noise correction was employed through despeckling of binarized images. Bone interfaces were automatically segmented and ROIs of the outer boundaries were automatically generated. Cortical porosity was calculated as one minus the ratio of the area of the bone to that of the outer boundary of the sample.
Biomechanical Testing
Samples were tested using a materials testing machine (model 8511.20, Instron, Norwood, MA) containing a 100 Newton load cell (Instron 2519-103) with an actuator displacement accuracy of approximately 0.002 mm. A four-point bending-to-failure test was performed as previously described [17] using a set of stainless steel jigs mounted on the mechanical testing system, as shown in Figure 2 . The loading protocol consisted of initial contact and subsequent uniaxial compression at 0.1 mm/s until sample failure. Stress-strain relationships were plotted and Young's modulus of elasticity (E) was determined from the tangent of the initial, linear portion of the curve. Yield stress (σ y ) and yield strain (ε y ) were determined by the yield point, defined as the point on the curve where strain deviated by 0.002 from the linear part described by Young's modulus [18] . The ultimate stress (σ ult ) was defined at the maximum stress and the failure strain (ε f ) was defined at the point on the curve where the largest drop in stress occurred.
Statistical Analyses
Descriptive statistics were performed. OSRs corresponding to all five off-resonance frequencies were compared to μCT cortical porosity and biomechanical properties using Pearson correlation and linear regression. Data from all 122 cortical bone samples were used for analysis. P value less than 0.05 was considered significant. Figure 3 shows single-and bi-component analyses of UTE T2* decays of a piece of cadaveric human cortical bone sample and the eraser, respectively. There is systematic residual signal with single-component fitting for cortical bone, suggesting the existence of another water component. Excellent curve fitting was achieved with a bi-component model which shows two distinct water components: one with a short T 2 * of 0.35 ms accounting for 80% of the total UTE signal, and the other with a longer T 2 * of 4.33 ms accounting for the other 20%. The shorter T 2 * value is consistent with that of collagen bound water, while the longer T 2 * value is consistent with that of pore water based on recent NMR spectroscopic studies [6] . Together, our results suggest that UTE sequences can assess bound and pore water in cortical bone using a whole-body clinical MR scanner. Meanwhile, the eraser shows a single exponential T2* decay regardless of whether a single-or bi-component model was used. The single short T2* of 0.34 ms is nearly the same as that of bound water in cortical bone. Figure 3 also shows the saturation recovery T1 measurement for the same piece of cortical bone and the same eraser. A short T1 of 246 ± 9 ms was demonstrated for cortical bone, and a short T1 of 262 ± 15 ms was demonstrated for the eraser. Similar results were found between the other two pieces of human cortical bone samples and the eraser. Both T1 and T2* values are highly similar (differences less than 10% for T1s and 5% for T2*s) for the eraser and the bound water component in cortical bone, suggesting that the direct saturation effect for bound water in cortical bone can be evaluated via an OSR measurement of the eraser. Figure 4 shows representative UTE images and the OSR of the rubber phantom and a cadaveric human cortical bone sample at different frequency offsets and MT pulse powers.
RESULTS
Although the eraser and the bound water components in bone samples have similar T1s and T2*s, the OSR versus frequency offset behaviors are very different, reflecting the fact that the eraser only has protons similar to bound water, while cortical bone has both bound and pore water with distinct relaxation times. Pore water accounts for the increased OSR values for cortical bone. There was an inverse relationship observed between OSR of the eraser and Δf. OSR decreased from 40% to less than 20% when Δf was increased from 0.5 kHz to 1.5 kHz or more with a MT power of 1000°. OSR also decreased significantly with the decrease of MT pulse power from 1000° to 600° and then to 300°. As a result, we chose a MT pulse power of 1000° to maximize OSR, and a Δf of 1.5 kHz or higher to minimize direct saturation (to less than 20%) for the subsequent study of 122 cadaveric human cortical bone samples. Figure 5 shows the relation between OSR and cortical porosity, the Young's modulus and yield stress of 122 human bone samples with a Δf of 1.5 kHz. OSR correlated strongly and negatively with porosity ( Figure 5A , R 2 =0.51) and positively with Young's modulus ( Figure  5B , R 2 =0.12), yield stress ( Figure 5C , R 2 =0.30) and failure stress (R 2 =0.33).
OSR showed a significant correlation for both cortical porosity and biomechanical properties with all MT pulse frequency offsets (Table 1) . Interestingly, the correlations seem to be fairly constant even with an increase in Δf. For example, the correlation between MTR and μCT cortical porosity decreased by less than 10% from 1.5 kHz (R 2 = 0.51) to 20 kHz (R 2 = 0.46). The correlation between MTR and Young's modulus remained essentially unchanged from 1.5 kHz (R 2 = 0.12) up to 10 kHz (R 2 = 0.11), although a 25% reduction was observed at 20 kHz. The correlation between MTR and yield stress reduced by less than 7% from 1.5 kHz (R 2 = 0.30) to 10 kHz (R 2 = 0.28), although a slightly more reduction of 17% was observed at 20 kHz (R 2 = 0.25). The correlation between MTR and failure stress remained nearly unchanged across all Δfs from 1.5 kHz (R 2 = 0.33) to 20 kHz (R 2 = 0.31). The correlations between MTR and biomechanical properties are comparable with those between μCT porosity and Young's modulus (R 2 = 0.17), yield stress (R 2 = 0.35) and failure stress (R 2 = 0.36). These results suggest that UTE-MT can potentially evaluate water residing in the microscopic pores of cortical bone, water bound to the organic matrix of cortical bone, and water tightly bound to mineral as well as collagen backbone protons, providing Δf independent information about cortical porosity and biomechanical properties of cortical bone. 
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DISCUSSION
We have demonstrated that off-resonance saturation ratio (OSR) as measured with the UTE-MT sequence provides information on both bound and pore water in cortical bone and is significantly correlated with cortical porosity and the biomechanical properties of cortical bone. In the present study, a rubber eraser was also investigated with the UTE-MT sequence to demonstrate the effect of saturation pulses with varying off-resonance frequencies in a control containing only bound protons, similar to bound water in bone with regards to T2* and T1 relaxation times. Without an MT effect from two pools, the observed OSR differences are expected to be based purely on direct saturation effects on the bound protons. It is notable that direct saturation effects contribute to OSR at all frequencies within the evaluated range with exponentially increasing effects closer to the on-resonance frequency. These findings are in keeping with phantom experiments from previous authors [19, 20] . Furthermore, our results show that the direct saturation contribution to OSR is reduced to less than 20% when the off-resonance frequency is increased to 1.5 kHz or higher, allowing more accurate measurement of true magnetization transfer in cortical bone.
We also demonstrate that OSR shows significant negative correlation with cortical porosity at all off-resonance saturation frequencies. This is an expected finding since increases in cortical porosity correspond to increases in pore water content. Pore water has about 10 times longer T2* than bound water, and thus much narrower spectra profile with little overlap with the off-resonance saturation pulse placed 1.5 kHz or further away. This results in an increased S SAT with the increase of pore water content, leading to an inverse relationship between OSR and cortical porosity. In pathologic bone, however, an increase in cortical porosity (and pore water) is typically accompanied by a decrease in organic matrix (and collagen-bound water) [21, 22] . The decrease in bound water would be expected to have an additive effect on decreasing OSR. This is in contrast to techniques which evaluate bulk water concentration, where the inverse relationships between pore and bound water would be expected to confound results [21] .
Numerous studies have shown that increases in cortical porosity have a significant, detrimental impact on the mechanical properties of bone [5, [22] [23] [24] . In addition to the negative correlation between OSR and porosity, we found significant positive correlations between OSR and yield stress, and failure stress, suggesting that OSR may be a surrogate marker for biomechanical properties of cortical bone. Of note, in a prior study using UTE with bi-component analysis, Bae et al [5] did not find a significant correlation between Young's modulus and short T2* fraction or long T2* fraction, likely representing water loosely bound to the organic matrix and pore water, respectively. These results were not surprising since Young's modulus (stiffness) likely depends on the mineral content which is not detectable with the conventional UTE sequence. Although weak, there was a significant correlation (R 2 = 0.09-0.12) between OSR and Young's modulus at all off-resonance saturation frequencies, which suggests that UTE-MT is more sensitive to the tightly bound proton pool (including tightly bound water and collagen backbone protons) with extremely short T2*s, which are beyond the level of detection with regular UTE sequences on clinical whole-body scanners. UTE-MT is currently the only way to access these proton pools in cortical bone using clinical MR scanners.
Another interesting finding of this study is the little Δf dependence of MTR in correlations with μCT porosity and biomechanical properties, including Young's modulus, yield stress and failure stress. If only two pools (e.g., pore water and collagen-bound water) were involved, we would expect a significant reduction in the correlation between MTR and pore water (or cortical porosity) at higher Δf, where the longitudinal magnetization of collagenbound water is less affected by the MT pulse. The near Δf-independent correlation between MTR and μCT porosity suggests that mineral-bound water and collagen backbone protons, although they are not directly detectable with UTE sequences on clinical MR scanners, play a significant role in UTE-MT imaging. At a higher Δf (e.g., > 5 kHz), the longitudinal magnetizations of mineral-bound water and collagen backbone protons with extremely short T2*s are still sensitive to the MT pulse. Their magnetizations can transfer to pore water and thus contribute to OSR at high Δfs. Their involvement in UTE-MT imaging also explains the aforementioned weak but significant correlation (R 2 = 0.09-0.12) between OSR and biomechanical properties involving minerals (e.g., Young's modulus).
Our study also highlights the feasibility of using 2D UTE-MT on a clinical scanner. A major benefit of UTE-MT compared with other methods of bone water quantification such as multi-component T2* analysis and single and double adiabatic inversion techniques is the potential for shorter imaging times [8, 9, 25] . Grosse et al [11, 14] and Syha et al [12] have reported the use of a 3D-UTE technique with MT preparation to calculate OSR in patients using a protocol that is roughly 3.5 minutes. Our 2D UTE-MT scans can be done in 2 minutes. More recently, two other validated UTE-derived indices that can be acquired with short imaging times are the porosity index [26] and suppression ratio [27] . Comparison between the various methods of bone water quantification that show translational potential would be of great interest in future studies.
Although we found a significant positive correlation between MTR and μCT porosity, the correlations between MTR and mechanical properties are relatively weak. Horch et al. reported a high positive correlation (R 2 = 0.68) between bound water content and peak stress, and a high negative correlation (R 2 = 0.61) between pore water and peak stress [22] . Even the correlation between μCT porosity and yield stress is about 40% lower in our study over the Horch study (R 2 = 0.35 vs. 0.58). Multiple factors may contribute to this difference, including sample dimensions, μCT resolution, sample sizes, gender, and donor age.
Recent studies suggest that quantitative UTE-MT can be achieved by acquiring OSR at different MT pulse power and off-resonance frequencies [28] [29] [30] . However, most of the quantitative MT models assume only two pools: the free pool which is clinically "visible" and the bound pool which is clinically "invisible". In UTE-MT imaging of cortical bone, at least three pools, including pore water (T2*~2-5 ms), loosely bound water (T2* ~ 0.3 ms), tightly bound water and collagen backbone protons (T2* ~ 10 μs) contribute to OSR. Therefore, none of the many previously described models can be directly applied to cortical bone, including the classical Henkelman model [28] , the simplified Ramani model [29] , and the more recently described Hodgson model [30] . More complicated MT modeling (e.g., three-pool system) is required for complete characterization [31] , which is beyond the scope of this paper.
There are a number of limitations to this study. First, the precise contribution of direct saturation and magnetization transfer effects were not separated nor were they quantified. The rubber eraser study suggests that direct saturation related OSR should be less than 10% for off-resonance frequency of 1.5 kHz or higher. Accurate measurement of these individual effects would require modeling and lengthy T1 measurements which would not be easily translated in vivo. OSR values are a more semi-quantitative measure, and are influenced by several factors including transmitted B1 field, MT pulse shape, sequence parameters, tissue dependent factors (T1, T2 and relative fractions of different proton pools), magnetization exchange rate, etc. On the other hand, quantitative UTE-MT modeling requires consideration of a three-pool system instead of the standard two-pool system, as described above. Second, actual bone porosity may be underestimated with μCT due to spatial resolution limitations and the inability to detect small pores. Third, biomechanical properties are affected by sample thickness and small local variations in sample thickness may have affected the accuracy of measurements. Fourth, previous authors have suggested that substantial x-ray exposure can degrade the mechanical integrity of bone [32] . By performing lengthy μCT imaging prior to biomechanical testing, an additional source of error may have been introduced. Fourth, UTE-MT imaging of cortical bone in vivo is not investigated in this study. However, it is straightforward to apply our imaging protocol directly to human volunteers and patients with osteoporosis. Finally, UTE-MT can potentially be more sensitive to pore water when a small off-resonance frequency offset is used, or more sensitive to tightly bound water and collagen backbone protons when a far off-resonance frequency offset is used, or more sensitive to loosely bound water when an intermediate offresonance frequency offset is used. Quantitative assessment of this pool-sensitivity of UTE-MT sequences requires correlation of OSR with pore water, loosely bound water, organic matrix and mineral contents at different frequencies, and will be investigated in future studies.
In summary, OSR determined with the UTE-MT sequence provides quantitative information on cortical bone and is sensitive to μCT porosity and biomechanical function, and these correlations show little dependence on Δf. Table 1 Correlation between UTE-MT measured OSR and cortical porosity, Young's modulus, yield stress and failure stress. OSR is highly negatively correlated with μCT porosity at all Δf, with R 2 slightly reduced from 0.51 at 1.5 kHz to 0.46 at 20 kHz. OSR is weakly positively correlated with Young's modulus at all Δf, with R 2 slightly reduced from 0.12 at 1.5 kHz to 0.09 at 20 kHz. OSR is moderately positively correlated with yield stress and failure stress at all Δf, with R 2 around 0.3. P values are less than 0.0001 for all the correlations. 
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